Abstract. The safety of artemether-lumefantrine in patients with acute, uncomplicated Plasmodium falciparum malaria was investigated prospectively using the auditory brainstem response (ABR) and pure-tone thresholds. Secondary outcomes included polymerase chain reaction-corrected cure rates. Patients were randomly assigned in a 3:1:1 ratio to either artemether-lumefantrine ( N = 159), atovaquone-proguanil ( N = 53), or artesunate-mefloquine ( N = 53). The null hypothesis (primary outcome), claiming that the percentage of patients with a baseline to Day-7 ABR Wave III latency increase of > 0.30 msec is ≥ 15% after administration of artemether-lumefantrine, was rejected; 2.6% of patients (95% confidence interval: 0.7-6.6) exceeded 0.30 msec, i.e., significantly below 15% ( P < 0.0001). A model-based analysis found no apparent relationship between drug exposure and ABR change. In all three groups, average improvements (2-4 dB) in pure-tone thresholds were observed, and polymerase chain reaction-corrected cure rates were > 95% to Day 42. The results support the continued safe and efficacious use of artemether-lumefantrine in uncomplicated falciparum malaria.
INTRODUCTION
Malaria is one of the most significant global health problems, particularly as resistance to older antimalarial drugs is increasing. In 2006, the World Health Organization (WHO) recommended the use of artemisinin-based combination therapy (ACT), such as artemether-lumefantrine (A-L), as the first-line treatment of uncomplicated Plasmodium falciparum malaria in all endemic areas. 1 In 2004, A-L (Coartem) became the first fixed-dose ACT to be prequalified by the WHO, and received approval from the U.S. Food and Drug Administration in 2009. Currently, it is registered in almost 90 countries worldwide 2 ; however, concerns have been raised about the possibility of artemisinin-related neurotoxicity affecting hearing. In some animal models, the brainstem structures involved in auditory processing and vestibular reflexes may be adversely affected under certain dosing regimens of artemisinin derivatives. [3] [4] [5] Several clinical and pathological studies have attempted to determine whether similar adverse effects occur in humans exposed to artemisinins, [6] [7] [8] but no evidence indicating brainstem lesions has been found to date. Rapid absorption and elimination with oral drug administration and the short duration of treatment at therapeutic doses likely would not favor neurotoxic effects of artemisinin derivatives.
One retrospective longitudinal study reported pure-tone threshold changes in construction site workers from Mozambique who had been treated for malaria with A-L, versus a comparison group who had not had malaria or been treated for malaria. 9 However, interpretation of the results was confounded by the lack of statistical correction for multiple comparisons, occupational noise exposure, and possible effects of malaria on hearing. In addition, the design was not prospective and lacked active controls.
The study of drug-related damage to the auditory system is a relatively new area of research, and audiological testing has not been a routine part of assessing drug safety. Against this background, we performed a randomized, prospective study to confirm the safety and efficacy of A-L in patients with uncomplicated P. falciparum malaria. The primary aim was to assess the safety of A-L based on auditory brainstem response (ABR) and pure-tone threshold findings. Secondary outcomes included Day 28 and Day 42 polymerase chain reaction (PCR)-corrected cure rates.
METHODS

Study population.
The study was performed between May 2007 and November 2008 in Tumaco, state of Nariño, a city on the Colombian Pacific coast where malaria is endemic. Patients, at least 12 years of age, with microscopically confirmed acute uncomplicated P. falciparum malaria or mixed infection (parasite density between 1,000 and 100,000/μL blood) and a history of fever were eligible to enter the study. Patients were excluded if they showed signs and symptoms indicative of severe or complicated malaria according to WHO criteria. 10 Patients who did not have normal hearing or met specific audiological exclusion criteria ( Table 1 ) were also excluded. Other exclusion criteria included pregnancy or breastfeeding, abnormal cardiac function, either known congenital or known acquired prolongation of the QTc interval, any other clinical condition, or were using any drugs known to influence cardiac function, history of serious side-effects related to any of the study drugs or related compounds, serious underlying disease, history of psychiatric disorders, convulsion or splenectomy, presence of severe vomiting, or any other medical or physical condition that could interfere with the study objectives.
Before enrollment, patients gave written informed consent to participate after being informed about the study and its risks and benefits. For adolescents, written consent was obtained from the parents or legal guardians. The trial protocol was approved by local institutional review boards (Comité Corporativo de Etica en Investigación, Fundación Santa Fe de Bogotá, Bogotá; Comité de Etica Médica, Hospital San Andrés, Tumaco; Instituto Nacional de Vigilancia de Medicamentos y Alimentos, Bogotá). This study is registered with ClinicalTrials .gov as NCT00444106.
Study design, treatments, and procedures. This was an open-label (i.e., investigator and patients were unblinded), randomized, single-center, parallel group study. Key personnel involved in assessments of the primary objective were blinded. Patients were randomly assigned in a 3:1:1 ratio to receive either A-L (Coartem, Novartis, Basel, Switzerland) administered twice daily for 3 days, atovaquone-proguanil (A-P; Malarone, GlaxoSmithkline, Harlow, UK) given once daily for 3 days, or artesunate plus mefloquine (A-M; free combination of Plasmotrim and Mephaquin, Mepha, Aesch, Switzerland) taking artesunate once daily for 3 days with mefloquine on Days 2 and 3. Patients took their study medication hospitalized under supervised conditions together with chocolate milk. The study participants were dosed according to their body weight:
• Artemether-Lumefantrine: 40 mg of artemether and 240 mg of lumefantrine (15-24 kg) If vomiting occurred within 30 minutes after intake, the entire dose was to be administered again. If vomiting occurred between 30 and 60 minutes then half of the dose was replaced. Patients unable to tolerate the study medication after three attempts had their medication changed. In case of premature discontinuation of study medication, the patient stayed in the study and follow-up visits for efficacy were to be performed according to the scheduled study visits. Patients developing severe malaria or danger signs 10 were to be hospitalized with subsequent administration of rescue therapy. Rescue therapy according to local treatment guidelines was also to be administered to subjects with early or late treatment failures 11 and in a case of intolerance to trial drugs. Administration of primaquine in patients diagnosed with gametocytes was not recommended before study Day 7. Patients were enrolled consecutively and admitted to the study center for the 3 treatment days, and then followed up on an outpatient basis until study Day 42 (i.e., site visits on Days 7, 14, 28, and 42). Audiological assessments were made at baseline (before initiation of treatment), Day 3 (1 hour after last dose of study medication), and at Days 7, 28, and 42. Patients who discontinued the study prematurely had a final audiological examination at study termination. Vital signs and hematology parameters were assessed at baseline, during hospitalization, and each follow-up visit. At every follow-up visit, potential adverse events (AEs) were assessed for severity and association with study medication. A Data Safety Monitoring Board (DSMB) was established to review accumulating auditory brainstem response and pure-tone threshold data as well as relevant AE data to determine if there is a signal of elevated risk of any nature based on safety data. The DSMB included a malaria expert, an expert in clinical trials, and an otologist, who is an expert in audiological assessments.
Giemsa-stained thick blood films were examined before initiation of treatment, and then daily until negative or at least up to Day 7, and then at each follow-up visit. Readings were performed locally. Two qualified microscopists independently read the slides. To distinguish between recrudescence and recurrence, blood samples for PCR analysis were collected from every patient at baseline and on Days 14, 28, and 42. The PCR determinations were processed centrally on all recurrent parasitemia using a standard protocol. 12 Patients without paired PCR results or ambiguous results were classified as treatment failures. Malaria cure was defined as clearance of asexual parasitemia within 7 days of initiation of trial treatment, without subsequent recrudescence (i.e., by Day 14, 28, or 42) .
Audiological tests. The audiological battery included otoscopy, tympanometry, pure-tone air conduction thresholds, and ABR. All equipment was calibrated to the appropriate American National Standards Institute (ANSI) specifications. The audiological evaluations were performed in a quiet test environment at < 60 dB external noise. First, the audiological technician performed otoscopy using a standard medical otoscope with disposable tips. Any cerumen noted was removed before continuing the evaluation. After otoscopic examination, tympanometry was performed. A probe tone was presented while varying the air pressure in the external ear canal. The mobility of the tympanic membrane was evaluated by observing the amplitude of the compliance peak. A clinical audiometer with insert earphones was used to obtain air conduction thresholds in both ears (250, 500, 1,000, 2,000, 3,000, 4,000, 6,000, and 8,000 Hz) using the modified HughsonWestlake ascending procedure. 13 The strict auditory inclusion criteria and complete audiological examination before obtaining ABR waveforms were designed to exclude patients with other auditory factors that contribute to changes in ABR latencies. The fact that patients had a normal auditory response contributes to the strength of the study and to conclusions based on the ABR waveform latency changes. ABR testing was performed using a validated clinical auditory evoked potential system (Bio-Logic AEP, Bio-Logic Systems Corp., Mundelein, IL). Care was taken to avoid external noise or electrical/magnetic interference with the ABR recordings. Patients were asked to lie on a flat couch and rested for 5 minutes before testing was initiated. Gold surface electrodes were applied to the vertex, both mastoids and the forehead. Electrode impedance was maintained at ≤ 3,000 ohms per electrode and ≤ 1,000 ohms between electrodes. A rarefaction click-stimulus delivered by insert earphones at 21.1 clicks/ second at 70 dB nHL was used to elicit the auditory brainstem response. The contralateral ear was masked using white noise at 40 dB nHL. At least two complete passes per ear were made to ensure replicability of the waveforms. Waveform analysis and labeling of Waves I, III, and V were performed by the audiological technician at the testing site, assisted by the Bio-Logic software peak picking algorithm. The latencies and placement of the peak markings for each of the waves were first reviewed by an audiologist in Bogotá, and a second review was done by an audiologist at the House Ear Institute (HEI), Los Angeles, CA. The House Ear Institute audiologist had access to the primary data collection files from the BioLogic software, enabling a detailed check on testing procedure. The HEI review also confirmed adherence to the testing protocol. Because of a potential unblinding issue during this initial review, a second independent review of ABR waveform latencies (Waves I, III, and V) assessed at baseline and Day 7 was performed under fully blinded conditions by an experienced ABR researcher from the University of California, Los Angeles, Division of Head and Neck Surgery. Patients with abnormal tympanograms or pure-tone thresholds (see Table 1 for definitions) were excluded from ABR analysis as were patients with inconclusive ABR tests (e.g., no measurable or reproducible waveforms).
The audiological technicians performing the audiological battery at the study site were trained by an experienced audiologist located in Colombia, who received ABR training at the House Ear Institute in advance of the study. The investigational site audiological testing area and testing techniques were also reviewed by the audiologist.
Drug levels and pharmacokinetic assessments. Blood samples were taken from all patients in the A-L and A-M arms. For lumefantrine measurements, blood sampling occurred at pre-dose and in each of the following time windows: 0-48, 49-72, 73-120, and 121-240 hours after the first dose. For the determination of artemether and its active metabolite dihydroartemisinin (DHA) in plasma, a single blood sample was collected at 1 hour after the last A-L dose. Blood samples for the measurement of mefloquine were drawn at pre-dose and at 6, 14, 24, 38, 96, and 672 hours post first dose. A single blood sample was collected at 1 hour after the last A-M dose to quantify artesunate and DHA concentrations in plasma. All blood samples were taken by venipuncture into heparincoated tubes. After centrifugation, aliquots of plasma were taken and frozen at −70°C until analysis. Drug plasma levels were determined independent of audiological test results.
Artemether and DHA were measured in plasma using a reversed-phase high-performance liquid chromatography (HPLC) with atmospheric pressure chemical ionization and mass spectrometry (MS) detection, with a limit of quantification (LOQ) of 5.0 ng/mL (with modifications from Souppart 14 ). Lumefantrine was measured in plasma by HPLC with tandem mass spectrometry (MS/MS) detection; the LOQ was 50 ng/mL. The within-study assay validation showed an assay precision (percent coefficient of variation [%CV]) of 5.0% to 6.6%, with a deviation (bias) of −1.2% to 1.0% of nominal concentrations (0.1, 2.0, and 16.0 μg/mL). Mefloquine plasma concentrations were quantified by HPLC; the LOQ was 40 ng/mL 15 ; the method used for the determination of artesunate in plasma was an LC/MS/MS method with a LOQ of 1 ng/mL. The within-study assay validation for this method showed an assay precision (%CV) of 5.6% to 7.0%, with a deviation (bias) of −8.1% to −1.5% of nominal concentrations (30, 160 , and 800 ng/mL).
Pharmacokinetic parameters of lumefantrine were determined by a compartmental pharmacokinetic population model in the Nonlinear Mixed Effects Modeling (NONMEM) software (version 6). Descriptive statistics was used to summarize artemether, artesunate and DHA plasma concentrations. The pharmacokinetic parameters of mefloquine were computed using non-compartmental methods (WinNonlin Pro, Version 5.2, Pharsight Corporation, Mountain View, CA). The relationship between drug exposure and ABR change, and between exposure and body weight, was investigated by exploratory methods, linear regression analysis, and linear mixed models.
Study endpoints. The primary objective of the trial was to demonstrate the safety of A-L in patients with acute, uncomplicated P. falciparum malaria by testing the null hypothesis that the percentage of patients with Day 7 ABR Wave III latency increases over baseline of > 0.30 msec is ≥ 15% in the A-L group. Secondary objectives were to assess the changes in pure-tone threshold and ABR Wave I and V latencies over the study course. Efficacy was another secondary objective of this study. The PCR-adjusted parasitological cure rates at Days 14, 28, and 42 were the key efficacy parameters. Exploratory endpoints included tolerability assessment of the three treatment regimens by analyzing incidence rates of AEs, determination of the relationship between audiological changes and drug exposure, and changes in auditory brainstem latencies with a non-ACT antimalarial (A-P) and another ACT combination (A-M).
Discussion on the study design and primary endpoint. An open-label design was used because of the different dosing schedules of the three study treatments. To achieve blinding of the investigator and patients would have required patients in each treatment arm to be supplied with two sets of dummy medication in addition to their own active treatment, leading to a complicated dosing schedule and a considerable study medication burden. Because of the potential for high intercenter variability in administration of the audiological tests, only one study center with highly trained technicians was used. The addition of A-P and A-M arms allowed gathering information on the rate of abnormal ABR wave latencies for these drugs. These data may help to design potential new trials involving these antimalarials. Moreover, the addition of these two treatment arms assured blinding of the audiological technician. The ABR evaluation examines nerve con duction along the auditory pathways from the cochlea to the brainstem, and is the gold standard for detection of damage to the participating neural structures.in an ABR Wave III peak latency in either or both ears of > 0.30 msec is widely considered to be clinically significant (not definitive, but usually prompting further evaluation) and potentially biologically significant in individual subjects. It is the most widely used latency change value in the clinical use of ABR for disease screening. [19] [20] [21] [22] Based on clinical and experimental experience, a 15% incidence rate of subjects showing such an ABR abnormality is considered to represent a clinically relevant rate for suspicion of systematic damage to the auditory brainstem (M. Don, HEI, CA, personal communication, November 2, 2004) .
Statistical analysis. The primary safety variable, the rate of patients with Day-7 ABR Wave III latency changes of > 0.30 msec (assessed by the fully blinded audiologist) was analyzed for the per-protocol (PP) population, defined as all randomized patients who took at least 80% of the entire recommended dose and had a valid baseline and Day-7 ABR Wave III latency evaluation, and did not use any medication having an ototoxic effect. The null hypothesis test was performed using a onesided, exact test for a single proportion as provided in PROC FREQ of the Statistical Analysis System (SAS Institute, Inc., Cary, NC) with a level of significance at 5%. Supporting onesample, two-sided 95% confidence intervals (CIs) and onesample, one-sided (upper) 95% CIs were constructed on binomial data to determine the precision of the observed data based on the sample size. All one-sample CIs were based on the exact Pearson-Clopper limits. All asymptotic CIs were generated for informational purposes. The safety population included all patients who received at least one dose of study drug and had at least one post-baseline safety assessment.
To describe more accurately ABR changes in secondary analyses, latency shifts occurring in Wave V, and at other time points than Day 7 alone were taken into consideration. Both Waves III and V are thought to be generated primarily in the brainstem, whereas Wave I is thought to arise from the distal portion of the auditory nerve. 16 A clinically relevant change in one ear was defined as an ABR latency shift from baseline > 0.30 msec occurring after the patient had received the treatment full course, observed at Day 3 and/or Day 7, and sustained at all subsequent readings (regardless of initial or blinded reading) through Day 42 in the same wave latency (Wave III or V).
Efficacy was assessed for the full analysis set (FAS), thereby following intention-to-treat principles. The FAS was defined as all randomized patients who had confirmed P. falciparum malaria at baseline, and who had at least one dose of study drug with at least one relevant post-baseline efficacy assessment. Efficacy analyses comprised calculation of PCRadjusted parasitological cure rates as well as further efficacy variables related to parasite reduction. Exact Pearson-Clopper two-sided 95% CIs were constructed for all three treatment groups. Comparisons between the treatment groups were pairwise and considered exploratory. Two-sided 95% CIs on the difference in proportions were constructed using the Wilson score limits. No P -values were generated as the study was not formally powered to perform such hypothesis testing.
Using the nQuery software (Statistical Solutions Ltd., Boston, MA) , based on an assumed Day-7 ABR Wave III latency change rate of 7.5% under the alternative hypothesis, a one-sided test, and a type I error of 5%, 150 A-L patients were needed to have ~90% power to reject the null hypothesis of a Day-7 ABR Wave III latency change rate ≥ 15%.
Because it was expected that at most 5% of the randomized patients would be excluded from the PP analysis, it was planned to enroll ~159 A-L patients. Approximately 53 patients were planned to be randomized into each of the A-P and A-M treatment arm to achieve a 3:1:1 randomization ratio. In terms of efficacy, a minimum sample size of 50 patients has been suggested by the WHO for clinical trials. 11 
RESULTS
In total, 542 patients were screened, of which 265 patients fulfilled the inclusion criteria. Approximately 50% of the screening failures did not have normal hearing or met specific audiological exclusion criteria ( Table 1 ). The eligible patients were randomized to treatment groups (159 to A-L, 53 to A-P, 53 to A-M). Four (1.5%) patients discontinued the study prematurely (A-L: 2, A-P: 1, A-M: 1), most of them being lost to follow-up. No patient was excluded from the FAS or safety population. A total of 246 (92.8%) subjects (A-L: 151, A-P: 50, A-M: 45) had acceptable ABR latency data and were included in the PP population used for the primary safety analysis.
Demographic and clinical characteristics were typical for the population investigated and comparable between treatment groups. This applies to both the safety population ( Table 2 ) and the Day-7 PP population (data not shown). There was an almost balanced gender distribution and approximately one-third of the patients were younger than 18 years of age. Baseline values for ABR Wave III latency were virtually identical between treatment groups. Specifically, mean values for A-L, A-P, and A-M patients were 3.86, 3.89, and 3.86 msec for the right ear and 3.85, 3.88, and 3.82 msec for the left ear, respectively. All randomized patients took their scheduled doses of study medication. Vomiting of study drug was rare and occurred in four patients in the A-M group. These patients Table 3 . The percentage of patients with ABR Wave III latency changes > 0.30 msec from baseline to Day 7 was 2.6% (95% CI: 0.7-6.6) in the A-L group (4 patients), and thus statistically significantly below 15% ( P < 0.0001). The null hypothesis was rejected. The incidence rates of ABR Wave III latency changes of > 0.30 msec assessed on Days 3, 28, and 42 were also low with only small differences between treatment groups ( Table 3 ) . Mean absolute ABR Wave III latency changes from baseline to Day 7 were very small in all three treatment groups. The maximum mean absolute change from baseline ranged from −0.04 msec (95% CI: −0.08 to 0.01) in the A-M group to 0.01 msec (95% CI: −0.01 to 0.03) in the A-L group (Day-7 PP population); this was far below the 0.30 msec considered clinically significant. Likewise, mean changes at other assessments were also small (range: −0.05 to 0.02 msec) with no consistent trends or differences among treatments. Patients with ABR Wave III latency increases > 0.30 msec tended to have short baseline latencies. There were no discernable changes in mean ABR Wave I and V latencies in any group (data not shown).
Pure-tone air conduction threshold. No notable changes were observed for any treatment group at any frequency. In all three groups, small improvements (2-4 dB) in pure-tone air conduction threshold average (i.e., apparent hearing improvement with treatment) were recorded, with no differences between treatments ( Table 4 ). Of note, the A-L patients showing ABR Wave III latency changes > 0.30 msec had only small changes from baseline to final observation in their pure-tone threshold across ears.
Post-hoc analysis. Ten (6.3%), 1 (1.9%), and 1 (2.0%) patients in the A-L, the A-P, and in the A-M groups, respectively, experienced changes in one ear in the ABR Wave III or V latency, from baseline > 0. 30 Tolerability and safety. All three treatments were generally well tolerated by the study participants, with the majority of AEs being of mild severity. Only one serious AE (SAE) was reported in one patient of the A-M group who experienced respiratory distress syndrome on Day 4. This SAE was considered unrelated to study drug, and the subject recovered upon therapy at the same day of occurrence. There were no AEs leading to discontinuation of study drug or requiring dose adjustment or study drug interruption. No patient died. The lowest AE rate was observed with A-L, mainly caused by fewer AEs related to the gastrointestinal tract (A-L: 7.5%, A-P: 22.6%, A-M: 35.8%) and central nervous system disorders (A-L: 8.2%, A-P: 20.8%, A-M: 35.8%). In particular, vomiting, dizziness, and headache were distinctly less frequent with A-L compared with the two other treatments ( Table 5 ). Changes Table 3 Incidence rate of ABR Wave III latency changes > 0. 30 † Based on a review by an independent audiologist (fully blinded). ‡ P < 0.0001 for the one-sided null hypothesis that the incidence rate of ABR Wave III latency change is ≥ 15% in the artemether-lumefantrine group. of hematology parameters ( Table 6 ) and vital signs were in accordance with malaria recovery, without notable differences between treatment groups. Efficacy. The PCR-corrected cure rates were high up to Day 42, regardless of body mass index (< 25 kg/m 2 or ≥ 25 kg/m 2 ) or body weight (< 70 kg or ≥ 70 kg), with only minor differences between treatment groups ( Tables 7 and 8 ). For three patients in the A-L group, no blood smear data were available at Day 42; those were classified as having a recrudescence. Uncorrected cure rates were similar to the PCR-corrected rates. Specifically, uncorrected Day-42 cure rates for A-L, A-P, and A-M were 97.5%, 96.2%, and 98.1%, respectively. A rapid clearance of asexual parasite forms was observed in the A-L and A-M groups. At 48 hours after treatment initiation, 98.1%, 63.5%, and 100% of patients in the A-L, A-P, and A-M groups, respectively, had microscopically negative blood smears. Likewise, mean percent parasite reduction at 24 hours was higher with A-L (−94.5%) and A-M (−97.5%) compared with A-P (−50.2%). No patient had fever by Day 4. Plasmodium falciparum gametocytes after Day 8 were observed in all three treatment groups, but were less frequent in the A-L group (3 patients, 1.9%) and the A-M group (1 patient, 1.9%) than with A-P (6 patients, 11.3%). No patient required rescue therapy.
Relationship between drug exposure and ABR change. Descriptive graphical exploration and linear regression analysis showed no significant relationship between exposure to lumefantrine, artemether, or DHA and ABR Wave III latency change (based on Day-7 PP population) ( Figure 1 ) . Likewise, ABR latency changes on Day 3 did not show a relationship to drug exposure (data not shown). The four patients in the A-L group with an ABR Wave III latency change > 0.30 msec from baseline were spread among the exposure range for model-derived lumefantrine maximum plasma concentration (C max ) and area under the curve as well as for observed lumefantrine C max , artemether, and DHA concentrations. Similarly, no evidence of a relationship between artesunate, DHA, or mefloquine exposure and ABR changes was found in the A-M treated patients (data not shown). A comparable drug exposure was achieved across body weight groups after administration of A-L (data not shown).
DISCUSSION
Following the observation that high doses of artemisinin derivatives may adversely affect the brainstem structures, some of which may involve the auditory pathway in animal models, a number of studies in humans have been performed. These studies have mainly been retrospective and focused on pure-tone threshold data for determining auditory pathway integrity; they neither analyzed the threshold data appropriately nor used adequate controls. Here, we report the results of a prospective randomized trial assessing the effects of A-L on auditory brainstem function in patients with acute P. falciparum malaria. The study was designed in such a way that if ≥ 15% of patients had a Day-7 Wave III latency changes > 0.30 msec, it would be reasonable to suspect that at least some of these cases represented auditory brainstem pathway impairment. The primary analysis of the percentage of patients with Day-7 ABR Wave III latency changes > 0.30 msec from baseline showed that A-L was not associated with an elevated rate of auditory brainstem wave latencies. The four patients with ABR Wave III latency increases > 0.30 msec tended to have shorter baseline latencies. None of the latency increases were sustained and bilateral and associated with significant PTA Table 6 Change from baseline in hematology parameters over time (safety population) * 23 ) (data not shown). Similarly, the 10 patients treated with A-L with a sustained change in ABR latency from baseline > 0.30 msec noted in the post-hoc analysis had no significant deteriorations in their PTA threshold (PTA threshold > 30 dB 23 ) over time (data not shown).
The observed changes from baseline in the four subjects with ABR Wave III latency increases > 0.30 msec likely do not indicate toxicity of artemisinin derivatives, broadly defined. This conclusion is supported by the absence of signs for a relationship between drug exposures (either of the analytes) and ABR Wave III changes in both artemisinin-containing treatment groups, and by the observation that no patient receiving artesunate plus mefloquine revealed Day-7 ABR Wave III latency increases of > 0.30 msec. Additional analyses on Wave I, III, and V latencies showed little or no changes over the study period, and pure-tone thresholds did not reveal significant changes, further supporting that A-L does not adversely affect the auditory brainstem pathway.
The small improvements in pure-tone thresholds from baseline are a common finding when testing very ill patients, who are subsequently treated, feel better, and are more able to concentrate. These changes support the conclusion that the drugs did not adversely affect the auditory pathway.
Our results were in accordance with previous findings. Two case-control studies in which audiological measurements including ABR were performed in patients exposed to several courses of artemisinin derivatives reported no differences in the test results between cases and controls. 7, 24 A more recent case-control study along the Thailand-Myanmar border performed pure-tone threshold and ABR tests in subjects treated with A-L within the previous 5 years and found no evidence of auditory brainstem impairment attributable to A-L. 25 Sim ilarly, a pure-tone threshold and ABR study in a limited number of healthy volunteers with experimentally induced malaria, treated with A-L, found no evidence of a detrimental drug effect on the auditory system. 26 In a randomized study in malaria patients from Ethiopia, pure-tone thresholds revealed statistically significant temporary threshold shift only in the quinine group, but this effect did not appear to be clinically significant. No hearing loss was observed in the A-L or A-P groups. There was no evidence of drug-induced brainstem impairment using ABR measurements. 27 Another prospective study assessed the effects on auditory functioning of malaria patients from the Thai-Burmese border after a standard 3-day oral dose of artesunate combined with mefloquine. Neither pure-tone thresholds nor ABR tests showed clinical evidence of auditory impairment 7 days after receiving the first dose of study medication. No patient showed a shift in ABR Wave III peak latency change > 0.30 msec. 22 Administration of A-L was well tolerated in this study. A favorable AE profile was observed, particularly if compared with A-M. Although the study was not powered for this comparison, it corroborates previous comparative trials in adolescents and adults with falciparum malaria. 28 The efficacy of A-L was excellent, with PCR-corrected cure rates > 95% up to Day 42, including patients with a body mass index of ≥ 25 kg/m 2 . These results were in accordance with those of previous randomized studies reporting Day-42 cure-rate data with A-L in adolescents and adults from areas of multi-drug resistance, and applying a similarly conservative approach for analysis. 29, 30 In conclusion, over a 6-week observation period, A-L administered twice daily for three consecutive days was well tolerated and highly efficacious for the treatment of acute uncomplicated P. falciparum malaria. Neither ABR latencies nor pure-tone thresholds showed clinical or statistical evidence of an effect of A-L on auditory functioning, confirming previous studies. The absence of clinically relevant adverse effects of A-L on brainstem auditory pathways supports its continued safe use in uncomplicated falciparum malaria.
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